Cement stabilization is a practical improvement method of the soil bearing capacity of problematic soils. Soil bearing capacity is attributed to its strength and durability. The decrease in durability can be caused by weathering. On this account, to improve the long-term behavior of soil experiencing weathering process, it is necessary to apply cement stabilization to ensure the quality of road performance. This paper presents the results of a laboratory investigation on slaking index and the physical change of cementstabilized soil. A new sample preparation method of stabilized soil is presented in this study for the slakedurability test. The cement content was varied from 2 to 10 percent of the dry soil. The test results show that the unstabilized compacted-siltstone was ruined on the first test cycle. In general, the degree of slaking (Is) increases with the slaking cycle but decreases with the cement content. Whereas, the slaking durability index (Id(2)) increases as cement content increases. A large quantity of cement was required to obtain a successful stabilization. This study recommends that 7% of cement is suitable for soil modification, while 10% of cement satisfies the requirement for stabilization.
INTRODUCTION
Some sections of toll road in Indonesia were constructed over soft soil and soft mudrock type. The soils are typically a problematic soil, which caused the construction failure, e.g. at Semarang-Bawen toll road section [1] , and Cipularang toll road section [2] . Those soils were susceptible to weathering and strength degradation [3] - [7] . Hartono et al. [8] proposed cement stabilization to improve the strength of the soft mudrock in Semarang-Bawen toll road section. Cement stabilization is commonly and practically used to improve the engineering properties of a problematic soil [9] - [13] . Soil bearing capacity is attributed to strength and durability. The decrease in durability can be caused by weathering. Thus, to improve the long-term behavior of soil experiencing weathering process, it is necessary to apply cement stabilization to ensure the quality of road performance.
Some studies have developed a method for measuring the durability of rock type fragments [14] - [18] . Slaking tests is a common method to determine the deterioration level by measuring the resistance due to rapid weathering. Although many methods were applied in slaking test, there are two major groups of tests: (1) dynamic, and (2) static slaking test. The standard test of the dynamic slaking test has been secured in ASTM D4644 [19] . The standard is adapted to examine the durability of the soft-rock weathering due to wetting and drying cycles. In the slaking test, weathering is a complex process involving a simultaneous rotation, sliding, and crushing of the specimen against water immersion [20] . Many factors affect the slake durability tests such as porosity and permeability, testing fluids, the rock stability against swelling and decomposition, the profile of sample pieces, size and weight, properties of testing equipment, storing conditions, and the frequency of wetting-drying cycles [14] , [21] .
The standard test for slakes durability measures the slake durability index and weathering type after two times of wetting-drying cycles. Some studies performed the weathering process up to five to 12 cycles. The result of the slake durability test is stated in term of slake durability index (Id(2)) and weathering type at the end of the cycle. The specimens for the slake durability test is commonly intact fragments or pieces of rock. ASTM D4644 defines the weathering into three types: (1) retained specimen remaining virtually unchanged (Type I), (2) large and small fragments of the retained specimen (Type II), and (3) retained specimen of exclusively small fragments (Type III). Cano and Tomás [17] added the ASTM D4644 criteria by roundness, fragment size, and variation in the number of fragments between two sequent cycles.
Slake durability test has been intensively investigated to evaluate the stability of mudrock [22] - [26] . However, there were only a few studies of the slaking test conducted on remolded and stabilized samples. The specimen's size of the remolded samples was not standardized. Ghosh and Subbarao [27] used a cylindrical specimen of 38 mm in diameter and 76 mm in height. However, there was no standard test on stabilized soil that corresponded to cycle time, size, and shape of the specimen. Some studies used the cylindrical shape of 38 mm in diameter and 76 mm in height [27] , [28] . After compacted, the specimens were ovendried and disparted into irregular lumps shape having 40 to 60 g each lump. Surendra et al. [29] used compacted cylindrical samples of 101.6 mm (4 inches) in diameter and 55.9 mm (2.2 inches) in height. The compacted specimens were cut into one-half of the height to produce two identical samples. These samples were tested in the slake durability apparatus. Previous studies have shown that the slake durability test was controlled by the specimen sizes, shape, and the number of cycles. This paper aims to investigate the slake durability of the stabilized siltstone with cement. The effect of cement on the durability was measured by dynamic wetting and drying cycles. The main objective of this investigation is to evaluate the fragment change and weathering type during the slake test and to determine the content-related cement to the slakedurability index of stabilized siltstones.
EXPERIMENTAL METHODS

Soil
The siltstone used in this study was collected from the toll road project at the Ungaran -Bawen section in Semarang, Central Java, Indonesia. According to the field of bedding, grain size analysis and clay mineralogy, samples were categorized as siltstone [30] . The slake-durability index (Id2) of the samples was defined about 6.92%. Then, the samples were categorized as having very low durability according to the Franklin and Chandra criteria [14] . Series of index properties test were conducted on the samples as presented in Table 1 . The soil samples consisted of about 51% fine-grained fraction, and about 49% coarsegrained fraction. The fine-grained fraction indicated a low plasticity soil. Then, the soil was categorized as A-6 group in associate with AASHTO soil classification system.
Cement
A general type of Portland cement (PC) manufactured by Holcim was used as the stabilizer in this study. The specific gravity of cement is 3.14, and the specific surface area was 3510 m 2 /g. based on the Blaine method. The cement density was measured about 2950 kg/m 3 . The PC fulfilled the requirement of ASTM C150 for Type I cement.
Experiment Design
A dynamic slake durability test was the primary test in this study. The soil samples were obtained by pulverizing the siltstones fragments. The soils were mixed by 2%, 5%, 7%, and 10% cement. Each stabilized specimen was subjected to weathering cycles up to five cycles of slaking (see Table 2 ). One cycle consisted of 24 hours oven-dried and about ten minutes submerged in water-bath (see schematic diagram in Fig. 1 ) during slaking. Before testing, the specimens were cured for seven days in the room temperature about 28 o C.
It was noted in this study that the specimen was prepared in a cylindrical mold of 34.5 mm x 34.5 mm. This approach is beneficial as it uses cylindrical shapes commonly used in testing triaxial test, which is easily formed, not easily broken, has a round shape, is uniform, and allow the mechanisms of weathering due to the rotation, sliding and crashing. The ASTM D4644-04 required that the weight of the fragment was 40 g to 60 g. Total of fragments and weight put in the slaking-drum was ten fragments with a total weight of 500 g to 550 g.
Specimen preparation
The siltstones samples were broken into small pieces, and then they were pulverized and sieved passing 4.75 mm (No. 4 sieves) size. An amount of oven-dried soil was weighted about 550 g and mixed with water in the mixing batch thoroughly.
The water was added at its optimum moisture content (OMC) of the soil. For the stabilized soil, cement was added to the soil before mixing with water. The soil and cement mixture was stirred thoroughly in mixing batch until showing a homogenous matrix. The soil slurry was divided into ten smaller portions about 55 g. Then, the soil was transferred to the mold and compacted statically to the designed height of 34.5 mm. The specimen was dismantled from the mold and kept in an airtight plastic bag for seven days. Fig. 2 shows the compacted soil ( Fig. 2a ) and the group of specimens for slaking test (Fig. 2b ). 
Testing Procedure
Slake durability index was determined according to the procedure of ASTM D4644. The slake durability apparatus consists of a drum with 140 mm in diameter and 100 mm in width (see Fig.  2 ). The drum with a screen opening of 2 mm (No. 10 sieves) was rotated in a water tub by an electric motor at a constant rate of 20 rpm. The slaking specimen consists of 10 pieces of the cylindrical specimen as prepared in the previous section. The specimens were oven-dried at 110±5 o C, then stored at room temperature (about 28 o C), and fill in the slaking drum. The drum was immersed in the water bath and was rotated for 200 revolutions or about 10 minutes. In the end, the material retained in the drum was oven-dried and weighed. The slakedurability index at the second cycle (Id (2)) was defined as written in Eq. (1).
where, Id (2) is slake-durability index at the second cycle; Wd (2) is mass of retained drying specimen after the second cycle, B is mass of oven-dried specimen before the first cycle. Besides, the particles size distribution test was conducted at the end of each cycle to evaluate the physical change. The level of weathering was evaluated as the degree of slaking or slaking index (Is) which was calculated by Eq. (2).
where, Is(n) is degree of slaking at the n th cycle; Wd(n) is mass of retained oven-dried specimen after the n th cycle.
RESULT AND DISCUSSION
The physical change due to slaking Fig. 3 shows the physical changes of weathering due to the slake durability test. It is noted that the siltstones taken from quarry have high deterioration or low durability (Id(2) = 6.92%). Although the siltstones were compacted to its maximum dry density (SA specimen), the samples remained to be degraded easily to smaller fragments after the first cycle of the slaking test (see Fig. 3a ). Fig. 3a shows that the weathered fragments degraded to uniform small particle sizes. Then, the weathering level of 
the soil was classified into type III fragment according to ASTM D4644.
The slake durability index (Id(2)) of this compacted siltstones was measured about 12.76%. Based on the Id(2) value, compaction enhances the slake durability index from 6.92% to 12.76%. Hopkins [31] explained that compaction decreased the voids and reduced the permeability of a mudrock mass. This condition is important to prevent the intrusion of water in soil mass and minimize exposure of soil particles to water. Fig. 3b to 3e shows the change of the physical size of the cement stabilized soil. In general, the addition of cement reduces the weathering of the siltstones. However, the addition of 2% cement (SC2) was insignificant to improve the durability. The stabilized soil almost totally degrades into small fragments except in the first cycle (see Fig.  3b ). The weathering can be classified into Type III. Some fragments remain to have large particles after the first cycle by addition of 5% cement (Fig. 3c) . However, the fragments degrade to small particle sizes after the second cycles. The amounts of larger fragments increase by the addition of 7% and 10% cement ( Fig. 3d and 3e) . Visually, the stabilized soils can be identified as Type II weathering. Interestingly, the fragments remain intact, and the initial shape becomes visible by mixing 10% cement ( Fig. 3e) . At the first cycle, abrasion during rotation of slaking drum reduces the specimen's surface. This characteristic is attributable to increasing the strength of soil due to cement stabilization [8] .
In this experiment, the physical changes of the stabilized soil due to slaking test were evaluated by particle size distribution. In the cement stabilization mechanism, the cement modifies the fine-grained fraction to be a coarser grain [8] , [10] . The percentage of coarse-grained after the slakingwetting cycle is illustrated in Fig. 4 . The figure shows that the percentage of coarse particles increases with the increasing cement content. Mixing the soil with 2% cement increases the coarse grain fraction considerably from 12% to 68% in the first cycle of slaking-drying. The coarse particles increase to 94% by mixing 10% cement. The result indicates that agglomeration takes place as the results of reaction accompanying soil-cement. The cement particles bind each other and wrap the soil particles during the hardening process. The interparticle and intra-particle cementation form a harden and unchanged soil structure matrix [32] , [33] . The secondary process of the soil-cement mixture produces supplementary cementation and increases bonding between particles. This process enhances strength and durability. This mechanism was confirmed by the previous research [9] , [13] , [34] .
The deterioration due to climatic change of wetting-drying can be characterized by the degradation of soil particle to a smaller particle. The results in Fig. 4 also shows that the increase of slaking cycles decreases the presence of coarsegrains. The reduction of fragments sizes is due to the mechanism of rotation, sliding and crushing in the drum. In addition, the slaking cycles increase the broken fragments into fine-grain fractions. Soil mixed with 2% cement produces about 70% coarse grains fraction. However, the coarse particles decrease significantly to about 6% after five cycles of slaking. Increasing the cement dosage up to 10% results in about 60% coarse fraction after five cycles of slaking. This characteristic indicates that the dosage of cement is a controlling factor in the physical change of the soil during the weathering process. A large amount of cement was required to obtain successful stabilization [9] , [13] . This study recommends that 7% of cement is suitable for soil modification.
Slake-durability index and degree of slaking
Slake durability measures potential deterioration of stabilized soil due to climatic change of the wetting-drying cycle. Fig. 5 shows the effect of cement on the slake-durability index (Id(2)) of soil-cement mixtures. The correlation of cement content and the slake-durability index is likely sigmoidal-curve (S-curve). The change of Id(2) is slow initially, increase steeply, and then reaches an asymptotic value. Thus, the effect of cement on the slake-durability index of the soil-cement mixtures can be characterized into three zones: (1) inert zone, (2) improvement zone, and (3) stabilization zone.
The fundamental factor in soil stabilization is to ensure the supply of calcium provided by the stabilizer. The adequacy of calcium is important to establish a series of chemical reaction including cation exchange, flocculation and agglomeration, cementitious hydration, and pozzolanic reaction [13] , [32] , [33] . Adding a low cement content, e.g., 2% has made the effect on durability index less significant. At this inert zone stage, the binding effect of cement is induced by the cation exchange, which results in a small portion of agglomeration. The cement content was insufficient to produce further cementation reaction with soil. Increasing the cement content from 3% to 9% leads to a steep increase of the slake-durability index. As the cement content increases, the amount of hydration product also increases and upon hardening possesses a higher strength. When the gel hardens, the cementation welds the clusters and fills up the pore space. Increase in strength induced the slakingdurability, from which then its characteristic is designed as an improvement zone. Cementitious hydration consumed free moisture; hence an increase in the amount of cement leads to a reduction of water in the clay. If extra water is not available, a formation of large clay-cement clusters is introduced, and an intersection crack develops in the specimen [35] . At this stage, the growth of strength is relatively slower, and the process can be designated as stabilization zone. The stabilization zone was defined when the soil was mixed with 9% and more of cement. At the stabilization zone, the slake-durability index (Id(2)) was higher than 70%, which was categorized as high-durability [14] . The effect of weathering in this study is defined as the degree of slaking (Is). The effect of the slaking-drying cycle and the addition of cement on the degree of slaking is shown in Fig. 6 . In general, the figure shows that slaking cycles ruins the stability of an intact specimen. For the unstabilized and stabilized soil, the degree of slaking increases as the number of slaking cycle increases. For the unstabilized specimen (SA), the degree of slaking is higher than 90% indicating a total or severely weathered after the first slaking cycle. The degree of slaking decreases as the cement content increases. The slaking index at the inert zone was 84% after the first cycle and increased to 94% after the fifth cycle. The result indicates that the addition of cement is less significant to retain the stability of soil particle. Addition of cement up to 7% (SC7) decreases the slaking index to 64% after the fifth cycle. The slaking index at the stabilization zone is measured 12%, 22%, 31%, 38%, and 42% for the 1 st , 2 nd , 3 rd , 4 th , and 5 th slaking cycle respectively. Stavridakis and Hatzigogos [13] suggested a slaking index of 45% as criteria for satisfactory stabilization corresponds to the unconfined compressive strength provided for pavement design [9] . When the criteria of slaking index of 45% is applied, the addition of 10% cement satisfies the requirement for stabilization. Then, the stabilization zone provided in Fig. 5 is acceptable to determine cement content for stabilization.
Reducing the slaking index by cement stabilization can be explained traditionally. On this account, when water is mixed with cement, a hydration process takes place and followed by a hardening and pozzolanic reaction. The reaction produces a cementation compound of calciumsilicatehydrate (CSH) and calciumaluminatehydrate (CAH). The compound gel of CSH and CAH binds adjacent cement granules during the hardening process and form a hardened soil structure matrix, which encloses soil particles [36] , [37] . The water volume decreases during the hydration reaction and forms cementation material; the pore volume decreases as permeability decreases. The higher the cement content the stronger the ions exchange and the stronger the soil structure matrix decreasing the permeability [24] , [36] . The lower permeability prohibits the sample from the wetting process in slake durability test, avoiding soil specimen to swelling and shrinkage, thus increasing its durability.
CONCLUSION
This study examined the effect of cement stabilization on the slake durability behaviour of the compacted siltstone. Soil compaction and cement was the common method applied in roadwork. Thus, the compacted soil must meet the requirement of pavement system such as long-term durability to ensure the integrity and performance of the road. Slake durability test for the stabilized-compacted siltstones has been introduced in this study. The following concluding remarks can be summarized based on the foregoing discussion.
Compaction is a traditional method of soil improvement. Compaction of the soil at its maximum dry density and optimum moisture content enhances the slaking durability index (Id(2)) by almost twice, 6.92% to 12.76%. The weathering level of the soil is classified into type III fragment. Slaking cycles degrade the siltstones into smaller fragments and fines particles. In cement stabilization, the percentage of coarse particles increases with the increasing cement content. A large amount of cement is required to obtain a successful stabilization, which is indicated by the fact that the remaining fragments are intact, and the initial shape is visible. This study recommends that 7% of cement is suitable for soil modification.
The weathering process can be defined by slaking index or degree of slaking, which measures the physical change of the siltstones. The degree of slaking increases as the number of slaking-drying cycle increases. On the contrary, the slaking index decreases as the cement content increases. When the criteria of slaking index of 45% is applied, addition of 10% cement satisfies the requirement for stabilization. The effect of cement on the slakedurability index (Id(2)) of the soil-cement mixtures is slow initially, increases steeply, and then reaches an asymptotic value. At the stabilization zone, the slake-durability index (Id(2)) is higher than 70%, which is categorized as the one with high-durability. The stabilization zone is defined when the soil is mixed with 9% and more of cement. Fig. 6 Variation of the degree of slaking of the cement stabilized soil
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